Abstract: A microgrid with parallel structure operating under islanded mode is considered in this paper. Under microgrid islanded operation mode, lines bring adverse effect for power distribution between microsources (MSs). Because traditional droop control ignores this effect, MSs adopting this method can not achieve satisfactory power distribution. A kind of droop control including line compensation applied to this microgrid is proposed. It can eliminate this effect to obtain satisfactory power distribution. The relationship of two kinds of droop control with power distribution is analyzed. The reference voltage generated by droop control is applied to control output voltage of MSs. Comparison of two kinds of droop control through MATLAB/Simulink simulation is made to verify the superiority of droop control including line compensation for power distribution. The relationship between PCC voltage and output power of MSs is also presented.
Introduction
Microgrid is composed by microsources (MSs), loads, power electronic converters and so on to constitute a controllable system. It can not only utilize the advantage of distributed generation (DG) but also overcome the disadvantage of DG for distribution network. So it is beneficial for extensive application of renewable energy generation. Its energy is mainly provided by photovoltaic cell, wind turbine, fuel cell and microturbine. Moreover, its energy is mainly stored by battery, supercapacitor and flywheel. It may run under grid-connected operation mode or islanded operation mode [1] [2] [3] [4] [5] [6] . In this paper, only microgrid islanded operation mode is considered.
Under microgrid islanded operation mode, the voltage support of microgrid is supplied by MSs. It is required to share load power between MSs to achieve power balance. The power distribution between MSs is usually according to the ratio of their nominal apparent power. Because droop control dose not need communication between MSs to realize this function, it was widely used in designing MS controller in [7] [8] [9] [10] . Lines bring adverse effect for power distribution between MSs [11, 12] . However, this kind of droop control does not consider this adverse effect and is called as traditional droop control in this paper. As an improvement of traditional droop control, droop control considering line adverse effect was introduced in [13, 14] . It can eliminate the adverse effect from lines to let MSs obtain satisfactory power distribution and is called as droop control including line compensation in this paper.
This paper proposes a kind of droop control including line compensation used for microgrid with parallel structure. The relationship of two kinds of droop control with power distribution between MSs is theoretically analyzed. The design procedure of MS controller with droop control is also presented. Comparing the use of two kinds of droop control is done through simulation with MATLAB/Simulink.
Microgrid structure
The microgrid structure considered by this paper is shown in Figure 1 . It mainly consists of three distributed MSs with their own lines, i.e. MS1-3 with line1-3, and one centralized load. Three MSs are parallel with the load at the point of common coupling (PCC) through line1-3. Microgrid can run under grid-connected operation mode through a closed static transfer switch (STS). When this switch is open, microgrid will run under islanded operation mode without any connection with the grid. This paper only pays attention to the use of droop control under microgrid islanded operation mode in a three phase symmetrical system with voltage level of 380 V. 
Droop control and power distribution
This part presents two kinds of droop control, i.e. traditional droop control and droop control including line compensation. Traditional droop control does not take into account line adverse effect, but droop control including line compensation attempts to eliminate this effect. The requirements for achieving expected power distribution between MS1-3 are demonstrated. Through this expression, it is theoretically revealed that droop control including line compensation can bring better power distribution.
A) Traditional droop control and power distribution
Through analysis of Figure 1 , the out power of MS in a three phase symmetrical system can be expressed as In a low voltage microgrid, Z is nearly resistive [15] [16] [17] . As a result, |Z | and φ can be approximated as R and 0. In addition, the voltage phase angle difference δ ! δ e is usually very small so as to sin(δ ! δ e ) and cos(δ ! δ e ) can be replaced by δ ! δ e and 1, hence following relationship can be gained from Equation (1)
Since V o and E are almost constant, it can be seen from Equation (2) 
Real power distribution between MS1-3 is analyzed. Following voltage RMS relationship can be derived from Equation (2)
In Equation (3), V o will be seen to as V o * if voltage control is desirable. Hence, following voltage RMS relationship can also be obtained
The left hand side of Equations (5) and (6) is identical, so the output real power of MS1-3 has following relationship
Therefore, real power distribution between MS1-3 is (8) In this equation, if real power distribution between MS1-3 is required to according to the ratio of their nominal apparent power, i.e. P o1 /P o3 and P o2 /P o3 are equal to S 1 /S 3 and S 2 /S 3 , following relationship can be gotten through calculation with Equations (4) and (8) .
This relationship indicates that Equations (4) and (9) are both needed to achieve real power distribution between MS1-3 as the ratio of their nominal apparent power. It is easy to fulfill Equation (4) through selection of droop coefficients. However, Equation (9) is usually not satisfied in practice with random line length. Therefore, traditional droop control is difficult to acquire expected real power distribution due to the limitation of Equation (9). Reactive power distribution has similar analysis and conclusion.
B) Droop control including line compensation and power distribution
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Similar to Equation (6), following voltage RMS relationship derives from Equation ( 
Combining Equations (12) and (13), following relationship can be gotten This equation demonstrates that P o1 /P o2 /P o3 equals S 1 /S 2 /S 3 when m is in accordance with Equation (4). It is shown that droop control including line compensation can accomplish expected real power distribution between MS1-3 without dependence on line. Apparently, situation of reactive power distribution between MS1-3 is similar.
MS controller design
The content of this part is to design MS controller with droop control. MS controller structure is shown in Figure 3 . The control objective of MS is to let its output voltage track its output reference voltage produced by droop control. To realize this aim, following processes with step by step should be adopted. (16) Then, this reference voltage is used to gain the reference voltage * i v of inverter through a voltage and current dual loop controller [19] . It incorporates voltage outer loop controller and current inner loop controller and is shown in Figure 4 . i and i L with the similar method as Equation (18) to get 
Simulation analysis
In order to compare the use of two kinds of droop control, MATLAB/Simulink is applied in this part to simulate microgrid islanded operation mode with MS controller design on the basis of the previous part. MS1-3 supply rated power load before 0.6 s, 80% rated power load during 0.6 s to 0.9 s and again rated power load after 0.9 s. That is to say, load power decreases at 0.6 s and increases at 0.9 s.
Parameters of MS1-3 are shown in Table 1 . Their DC bus side voltages are all of 700 V. The length of line1-3 is respectively 0.5 km, 0.4 km and 0.3 km. Line unit length resistance and reactance parameters are 0.642 Ω/km and 0.083 Ω/km. Cutoff frequency ω c is 30 rad/s. Load rated real power and reactive power are 20 kW and 10 kvar. In this paper, the ideal power distribution ratio between MS1-3 is 2:1.5:1. In two kinds of droop control, V oref and δ ref are both of 220 V and 0 rad, both droop coefficients are the same and shown in Table 2 . Simulation results about output power with traditional droop control are shown in Figure 5 . 
Conclusions
This paper focuses on microgrid islanded operation mode with parallel connection of three distributed MSs and one centralized load. The output power of MSs flowing through lines leads to voltage RMS and phase angle difference between MSs and PCC. Traditional droop control is hard to achieve pleased power distribution since it can not overcome this effect. Because droop control including line compensation can remove this effect, MSs using this method can track load power variation with pleased power distribution. MSs provide voltage support for PCC whose voltage RMS is decided by output real power of MSs and frequency by output reactive power of MSs. The output voltage control effect of MSs with the voltage and current dual loop controller is satisfactory.
